Sorafenib has been demonstrated to be a beneficial treatment for advanced hepatocellular carcinoma (HCC). Emerging evidence indicates that caspase-1 activation plays a crucial role in HCC progression. However, the relationship between caspase-1 and sorafenib has rarely been reported. In this study, we showed that caspase-1 was essential for lipopolysaccharide (LPS)-induced epithelial-mesenchymal transition (EMT). Moreover, sorafenib treatment could inhibit LPS-stimulated caspase-1 overexpression through restricting the nuclear transport of p65, which contributed to inactivation of NF-κB. Co-immunoprecipitation (Co-IP) experiments and immunoblot analysis indicated that sorafenib treatment decreased the SUMOylation of p65 via inhibiting TLR4/stat3/SUMO1 signaling cascades. In conclusion, the results of this study suggest that sorafenib inhibits caspase-1 expression through suppressing the nuclear translocation of p65 and provide new insights into the mechanisms of sorafenib treatment in HCC.
Introduction
Hepatocellular carcinoma (HCC) is one of the most common malignancy and leading cause of cancer related death worldwide. 1 Due to its high rate of postsurgical metastasis and recurrence, the prognosis of patients diagnosed with HCC remains extremely poor. 1, 2 Despite the advances in diagnosis and improvements in surgical skills during the past several decades, the 5-year survival rate is less than 40%. 3 Therefore, it is imperative to find novel strategies to treat HCC.
Caspase-1 is one of cysteine-protease involved in inflammation and apoptosis and responsible for maturation of interleukin 1β (IL1b) and interleukin 18 (IL18). 4, 5 Once stimulated by LPS or cellular stress, activated caspase-1 cleaves pro-IL1b and pro-IL18 in inflammasomes. 5, 6 Accumulating data indicate that caspase-1 plays a critical role in tumor progression, including HCC. 4, [6] [7] [8] [9] [10] Caspase-1 was demonstrated to be activated by HMGB1 released from hypoxic HCC cells and contributed to the invasion and metastasis. 7 NF-κB has been reported to be necessary for aspase-1 activation in various types of cells. 4, 5 NF-κB pathway is related to the progression of HCC and nuclear p65 is an active form of NF-κB pathway. 11 In addition, SUMOylation of p65 mediated by SUMO1 has been demonstrated to be essential for nuclear transport of p65. 12 Sorafenib, a multi-kinase inhibitor, is designed to target inhibition of Raf/MEK/ERK signaling pathway and suppressing several receptor tyrosine kinases, including vascular endothelial growth factor receptor 2 (VEGFR-2), VEGFR-3, Flt-3, c-KIT and platelet-derived growth factor receptor (PDGFR). [13] [14] [15] Sorafenib has been demonstrated to be the first-line systematic therapy for advanced HCC. 16, 17 Evidences indicate that sorafenib treatment could improve 3 months survival of patients with advanced HCC. 16, 17 Accumulating data demonstrate that sorafenib inhibit the proliferation, invasion and metastasis of HCC cells both in vitro and vivo. [13] [14] [15] 18 However, the relationship between sorafenib and caspase-1 has not been studied.
Here, we reported that caspase-1 inhibition by caspase-1 siRNA as well as sorafenib treatment, respectively, counteracted the effects induced LPS administration on HCC cells. Soarfenib could decrease caspase-1 expression and retard LPS-induced caspase-1 overexpression. Furthermore, we demonstrated that p65 translocation into nuclear and SUMO1 mediated SUMOylation of p65 was inhibited by sorafenib. We also verified that decrease of SUMOylation of p65 was resulted from suppression of TLR4/stat3/SUMO1 cascades caused by sorafenib. These data suggest a novel role of sorafenib treatment in regulating caspase-1 expression.
Results

LPS promotes the invasion of HCC via upregulating caspase-1
LPS has been determined to promote EMT process in HCC, thus contributing to invasion and metastasis. 19, 20 EMT is a critical step in tumor metastasis. 21, 22 Interestingly, except the induction of EMT, we observed that caspase-1 expression was upregulated both in two HCC cell lines, HepG2 and HCCLM3, treated by LPS for 24h ( Figure 1A,B) . Furthermore, LPS modulated caspase-1 expression in a dose-dependent manner ( Figure 1A,B) . To investigate the relationship between caspase-1 and EMT in LPS-treated cells, caspase-1 siRNA was used to silence the expression of capase-1. Western blot and qPCR experiments were performed to check the silencing efficiency of caspase-1 siRNA on caspase-1 expression ( Figure S1A,B) . With the down-regulation of caspase-1, LPS-induced EMT process in HepG2 and HCCLM3 was both inhibited, which suggested that caspase-1 was essential for EMT process mediated by LPS ( Figure 1C,D) . Consistently, data from transwell experiments confirmed that caspase-1 inhibition could repress invasive ability in LPS-treated cells ( Figure 1E ).
LPS is a critical inflammatory mediator in tumor microenvironment. 20, 23, 24 We further explored the relationship of caspase-1, related inflammatory cytokines and EMT in HCC tissues ( Figure S2A,B) . We observed that caspase-1 expression was tightly associated with EMT phenotype and inflammatory microenvironment. Mounting evidence has demonstrated that caspase-1 is responsible for interleukin-1β maturation and release. 5 We found that human IL1b treatment could partly rescue the impaired EMT phenotype in caspase-1 deficient cells, which indicated that IL1b is important for caspase-1 mediated EMT (Fig.SC-D) . Collectively, these results suggest caspase-1 could be upregulated by LPS treatment and is necessary for EMT induction in HCC cells.
Sorafenib decreases caspase-1 expression and represses LPS-stimulated caspase-1 expression through restricting p65 nuclear translocation Sorafenib is demonstrated to be effective in suppressing the development of HCC, including invasion and metastasis. 16 To explore the role of sorafenib in caspase-1 expression, HCCLM3 cells were cultured in different concentration of sorafenib for 24h. We found that sorafenib decreased the expression of caspase-1 in a dose-dependent way ( Figure 2A ). Sorafenib (10 µm) treatment inhibited caspase-1 expression both in HepG2 and HCCLM3 cells ( Figure 2B ). Moreover, we observed that nuclear transport of p65, the active form of NF-κB, was repressed in cells treated by sorafenib and sorafenib treatment made no difference on the expression of total p65 ( Figure 2C ). Given activation of NF-κB pathway is necessary for caspsae-1 expression, we thought sorafenib inhibited caspase-1 expression via restricting p65 nuclear translocation.
Mounting evidence showed that caspase-1 expression in varied types of cells could be upregulated through activating NF-κB signaling. 4, 5, 11 We already verified that caspase-1 was responsible for LPS-induced EMT. In Figure 2D ,E, we showed that nuclear transport of p65 was enhanced by LPS treatment and sorafenib could obviously down-regulate the nuclear translocation of p65, as a result of which, LPS-triggered caspase-1 expression and EMT process was suppressed in both HepG2 and HCCLM3 cells. To visualize the distribution of p65 in HCCLM3 cells, immunofluorescence experiments were conducted, which showed that nuclear transport of p65 was enhanced by LPS and sorafenib inhibited the LPS-induced translocation ( Figure 2F ). Moreover, qPCR experiments were carried out to measure the transcriptional level of caspase-1 ( Figure 2G ). Results from qPCR experiments further confirmed that sorafenib inhibited caspase-1 expression and counteracted the effects of LPS treatment on caspase-1 expression. Using caspase-1 activity assays, we demonstrated that sorafenib both inhibited caspase-1 enzymatic activity of cells treated with or without LPS, which indirectly suggested caspase-1 expression was modulated by sorafenib. Taken together, our data indicate that sorafenib could repress caspase-1 expression through restricting p65 nuclear translocation.
Sorafenib inhibits SUMO1 mediated sumoylation of p65
SUMOylation of p65 plays a critical role in p65 translocation from cytoplasm into nucleus. 12, 25 Recent studies demonstrated that SUMOylation mediated by the interaction of SUMO1 and p65 promoted the nuclear transport of p65 and was associated with the development of HCC. 12 Firstly, we found that SUMO1 expression was down-regulated by sorafenib in HepG2 and HCCLM3 ( Figure 3A ). Co-immunoprecipitation experiments were performed to investigate the interaction of p65 and SUMO1. We found that cells treated with sorafenib, compared to untreated cells, were characterized with decreased interaction of SUMO1 and p65 ( Figure 3B ). Furthermore, immunofluorescence staining p65 and SUMO1 were performed, which indicated that LPS enhanced the co-localization of p65 and SUMO1 and also sorafenib treatment inhibited LPS-induced co-localization by decreasing SUMO1 expression ( Figure 3C ). However, Collectively, these results suggest that sorafenib restricts p65 nuclear translocation through down-regulating SUMO1-meadiated SUMOylation of p65.
LPS-induced caspase-1 overexpression was dependent on TLR4/stat3/SUMO1 signaling pathway
In Figure 4A , we observed that LPS treatment could upregulate the expression of TLR4 and SUMO1 and enhance the phosphorylation of stat3. To explore the relationship between TLR4/stat3 signaling and SUMO1, LPS-treated cells were cultured with stattic, an inhibitor of stat3 phosphorylation. With the decreased level of p-stat3, SUMO1 and nuclear transport of p65 were inhibited, thus resulting in the downregulation of caspase-1, which indicated that activation of TLR4/stat3 was essential for LPS-induced caspase-1 overexpression through enhancing SUMO1-mediated SUMOylation of p65. Additionally, we found that the decrease of nuclear p65 caused by stattic treatment did not affect the expression of TLR4 ( Figure 4A ). NF-κB inhibitor BAY 11-7082 also failed to repress LPS-induced TLR4 expression, which indicated that NF-κB activation was not responsible for LPS-induced TLR4 expression ( Figure S3A ). Through immunofluorescence analysis, compared to cells treated by LPS, stattic treatment contributed to a decrease of p65 nuclear translocation in LPS treated cells and repressed the invasive ability induced by LPS ( Figure 4B ). Moreover, LPS-mediated EMT process was obviously repressed by static treatment ( Figure 4C ). We also performed qPCR experiments to measure the transcription level of caspase-1 and found that stattic treatment repressed LPS-mediated caspase-1 overexpression ( Figure 4D ). We also demonstrated that stattic could abolish the effects of LPS on caspase-1 enzymatic activity ( Figure 4E ). These data indicated that LPS stimulated caspase-1 expression through TLR4/stat3/ SUMO1 signaling cascades.
Sorafenib inhibits caspase-1 expression by downregulating tlr4/stat3/sumo1 signaling pathway
We already verified that sorafenib inhibited caspase-1 expression and repressed LPS-induced caspase-1 overexpression via modulating nuclear transport of p65. To investigate the effects of sorafenib on TLR4/stat3 signaling, HepG2 and HCCLM3 cells were cultured with sorafenib for 24h and data showed that TLR4 expression and p-stat3 level were inhibited by sorafenib ( Figure 5A ). At transcriptional level, sorafenib decreased the expression of TLR4 and repressed LPS-induced TLR4 overexpression ( Figure 5B ). Furthermore, sorafenib suppressed the activation of TLR4/stat3/SUMO1 caused by LPS ( Figure 5C ).
In conclusion, as shown in Figure 5D , we demonstrated that TLR4/stat3/SUMO1 played a crucial role in LPS-induced caspase-1 expression and sorafenib downregulated caspase-1 expression through inactivating TLR4/stat3/SUMO1 pathway.
Discussion
HCC is the leading cause of cancer associated death worldwide. 1 Most of HCC are developed from chronic inflammatory liver diseases, such as hepatic B or C virus infection and Non-alcoholic fatty liver disease (NAFLD). 26 Tumor inflammatory microenvironment, including inflammatory cytokines and cells, is considered as one hallmark of HCC and indicates poor prognosis of patients with HCC. 23, 24 As one of inflammatory caspases, caspase-1 activation has been demonstrated to be associated with the development of HCC, especially in metastasis. 7, 9, 10 Recent studies have shown that hypoxia condition could stimulate caspase-1 activation in HCC via promoting the release of endogenous HMGB1, thus resulting in invasion and metastasis. 7 Mounting evidence has shown that gut-derived LPS plays a critical role in tumorigenic response of the liver and contributes to HCC development. 19 Recent studies indicated that LPS promoted the invasion and metastasis of HCC through facilitating the formation of cancer stem cells (CSCs) and leading to induction of epithelial-mesenchymal transition (EMT). 19, 20, 27 LPS and other cellular stresses are verified to stimulate caspase-1 activation. In our investigation, LPS-induced caspase-1 activation is responsible for LPSmediated EMT. Silencing caspase-1 by using siRNA could suppressing EMT caused by LPS in HCC, thus inhibited the invasion and metastasis.
As the first-line systematic therapy for advanced HCC, sorafenib has been known to repress the progression of HCC. 16 In our study, we demonstrated that sorafenib could decrease caspase-1 expression at the transcriptional level and also suppress LPS-mediated caspase-1 upregulation, which contributed to the repression of invasion. Recent studies have suggested NF-κB is essential for caspase-1 activation. Here, our study observed that sorafenib restricted the nuclear translocation of p65, an active form of NF-κB, and repressed LPS-induced p65 translocation into nucleus. Moreover, we verified the repression of p65 translocation caused by sorafenib was determined by the down-regulation of SUMOylation of p65 mediated by SUMO1. Through Co-IP and immunoblot analysis experiments, we found sorafenib could decease SUMO1 expression and suppress the SUMOylation of p65, contributing to restriction of nuclear transport of p65 and thus decreasing caspase-1 expression.
As the major receptor of LPS, TLR4 has been demonstrated to be related the development of HCC and commonly expressed in HCC cells. [28] [29] [30] [31] Accumulating data indicated that TLR4 was indispensable for LPS-induced EMT and CSCs formation. 19, 20, 27 IL-6/stat3 signaling was stimulated by LPS and responsible for CSCs formation. 20, 27 Furthermore, studies indicated that IL-6/stat3 signaling played a part in EMT. 21 We observed that stat3 inhibitor could repress LPS-induced caspase-1 expression and nuclear transport of p65. Our study confirmed that stat3 inhibitor suppressed LPS-induced expression of SUMO1. Moreover, we found that sorafenib could inhibit stat3 activation and repress LPS-induced stat3 activation via down-regulating TLR4.
In summary, we show that caspase-1 activation is essential for LPS-induced EMT. Moreover, sorafenib could decrease caspase-1 expression and repress LPS-induced caspase-1 activation through restricting p65 nuclear translocation, which was caused by the down-regulation of TLR4/stat3/SUMO1 signaling cascades. Our results generate novel insights on the relationship between sorafenib and caspase-1.
Materials and methods
Patients and specimens
Thirty HCC patients were collected from Medical School of Nanjing University Affiliated Drum Tower Hospital. Informed consent was obtained from each recruited patient, and the protocol was approved by the Institutional Research Ethics Committee. The clinical signatures of all patients are summarized in Supplementary Table 1 .
Chemical reagents and antibodies
LPS were purchased from Sigma-Aldrich (No. L2630-25MG, USA). Recombinant Human IL-1β (rhIL1b) was purchased from PeproTech (No.200-01B, USA). Sorafenib was purchased from Selleck Chemicals (No.S7397, USA). Stattic was purchased from Selleck Chemicals (No.S7024, USA). BAY 11-7082 was purchased from Selleck Chemicals (No. S2913, USA). All chemical reagents were diluted according to manufactural instructions. Primary antibodies were purchased from Cell Signaling Technology (Boston, MA, USA).
Cell culture
The human HCC cell line HCCLM3 and HepG2 were achieved from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). Two HCC cells were al cultured in 4.5g/L glucose DMEM containing 10% FBS, penicillin (100U/mL) and streptomycin (100μg/mL). All cells were incubated at 37°C in humidified air with 5% CO2.
Western blot analysis
Total protein was extracted by lysing cells in RIPA buffer containing protease inhibitor cocktail. Protein samples boiled with 1x loading buffer were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto polyvinylidene fluoride (PVDF) membranes. After blocking with 5% BSA in TBS-T, membranes were incubated with the primary antibody at 4°C overnight. Goat-anti-rabbit or mouse IgG conjugated to horseradish peroxidase (HRP) was used as the secondary antibody. Protein was imaged by a camera (Tanon, China).
Q-PCR analysis
Total RNA of HCC cells was isolated using Trizol reagent (Life Technology). 2 μg of total RNA were reverse-transcribed using the PrimeScript RT reagent Kit (Takara, Kyoto, Japan). The PCR was carried out in triplicate using SYBR Green real-time PCR master mix (Takara, Kyoto, Japan). All results are normalized to 18S rRNA expression. The specific primers used to amplify relevant genes are shown in Supplementary Table 2 .
SiRNA transfection
Caspase-1 siRNA and control siRNA (Riobio, China) were transfected into cells using lipofectin 2000 according to the manufacturer's instructions. At the end of the siRNA treatment (48-72 h), the cells were collected for western blot analysis and q-PCR. The specific primers used to amplify relevant genes are shown in Supplementary Table 1.
Immunofluorescence
Immunofluorescence analysis was processed according to protocols. Cells were implanted in 24-well dishes and fixed by 4% paraformaldehyde for 24h. Fixed cells were stained with p65 (1:200) (Cell Signaling Technology) followed by Cy3-conjugated anti-rabbit IgG (1:200) (abcam, USA). Representative images were detected by fluorescent microscopy (Leica, Germany) and data were processed via ImagePro Plus.
Immunohistochemistry staining
Immunohistochemistry of HCC samples were performed. Briefly, after incubation with caspase-1 (Abcam, USA), HMGB1 (Abcam, USA), IL1b (Cell Signaling Technology, USA), E-cadherin (Cell Signaling Technology, USA), Vimentin (Cell Signaling Technology, USA), the sections were stained in an Envision System (Dako Cytomation, USA).
Caspase-1 enzymatic activity assay
Caspase-1 enzymatic activity assays were purchased from Beyotime (No. C1101, China) and were performed according to manufacturer's instructions.
Transwell experiments
The invasive ability of HCC cells was measured by 24-well transwell chambers separated by polycarbonate membranes with 8-µm pores and precoated with Matrigel. The lower chamber was filled with complete DMEM as a chemoattractant. Treated cells were seeded at 5 × 104 in the upper chamber and incubated at 37°C in a humidified incubator containing 5% CO2. Cells that migrated to the underside of the membrane were fixed and stained with Giemsa (Sigma-Aldrich, USA), detected, and calculated with a microscope (Leica, Wetzlar, Germany).
Co-immunoprecipitation experiments
HCCLM3 cells treated with or without 10 µm sorafenib for 24 hours were harvested and lysed in ice-cold IP buffer for 30 minutes. Total protein extracts were centrifuged at 12,000g for 10 min at 4°C. 500ul of the total lysate was incubated at 4°C with 2 μg of corresponding antibodies or IgG as control and 50 μl protein A/G beads (Santa Cruz, USA) to immunoprecipitate p65. The interacted complexes were then washed three times with lysis buffer. After centrifuged at 12,000g for 10 min at 4°C, pellets were suspended in 100ul lysis buffer and boiled with 1x SDS loading buffer and then processed by western blot analysis.
Statistical analysis
All experiments were performed at least three times. Quantitative data were expressed as mean ± SD for each experiment. Significance between groups was performed using Student's t-test. Statistical significances are indicated by *: P < 0.05, **: P < 0.01, and ***: P < 0.001. GraphPad Prism 6 was used for all statistical analyses. P < 0.05 was considered statistically significant.
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